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METHOD AND APPARATUS FOR
CONTROLLING ELECTRIC MACHINES

CROSS REFERENCE TO RELATED
APPLICATION

This application claims priority to and the benefit of
GB1715702.5, filed Sep. 28, 2017, which i1s incorporated

herein by reference in 1ts entirety.

TECHNICAL FIELD

The present disclosure relates to a method and apparatus
for controlling electric machines. In particular, but not
exclusively, the present disclosure relates to a method and
apparatus for controlling the torque split between a plurality
of electric machines. The method and apparatus have par-
ticular application 1n a vehicle for controlling the torque split
between traction motors. Aspects of the invention relate to
a controller for controlling at least first and second traction
machines, to a vehicle comprising a controller, to a method
of controlling at least first and second traction machines, and
to a non-transitory computer-readable medium.

BACKGROUND

It 1s known to provide a battery electric vehicle (BEV)
with more than one electric traction machine for transmitting,
torque to one or more axles. By way of example, the vehicle
may comprise a first electric machine for transmitting torque
to a front axle; and a second electric machine for transmit-
ting torque to a rear axle. This configuration offers various
advantages 1n terms of performance, stability/traction,
increased regenerative capacity during braking and overall
elliciency. The torque distribution between the two axles 1s
a non-trivial task that has to consider often conflicting
attributes and constraints.

A vehicle energy management (VEM) system 1s provided
to control operation of the systems in the BEV. The VEM
system seeks to optimise the coordination and operation of
various vehicle systems, such as: the propulsion (traction)
system, cooling systems, high voltage (HV) battery cooling
system, and heating ventilation and air conditioning
(HVAC).

At least 1n certain embodiments, the current invention
seeks to provide eflicient control of a vehicle drivetrain.

SUMMARY OF THE INVENTION

Aspects of the present invention relate to a controller, a
vehicle, a method and a non-transitory computer-readable
medium as claimed 1n the appended claims.

According to a further aspect of the present invention
there 1s provided a controller for controlling operation of at
least first and second traction machines in a vehicle, the
controller comprising a processor configured to:

predict an operating temperature of each of said at least
first and second traction machines for at least a portion of a
current route;

determine at least first and second torque requests for said
at least first and second traction machines, the at least first
and second torque requests being determined 1n dependence
on the predicted operating temperatures of the at least first
and second traction machines; and

generate at least first and second traction motor control
signals 1n dependence on the determined at least first and
second torque requests. At least 1n certain embodiments the
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2

controller uses route-ahead information to predict the ther-
mal behaviour of said at least first and second traction
machines. The controller thereby gains situational aware-
ness and, at least in certain embodiments, may dynamically
adapt the control system to improve the efliciency with
which 1s energy 1s used. The controller seeks to detect
segments of the current route where the temperature of one
or more of the at least first and second electric machines may
increase beyond a predetermined threshold. By anticipating
the predicted thermal behaviour, at least in certain embodi-
ments the controller may control operation of said at least
first and second traction machines more efliciently during at
least part of the current journey.

At least 1n certain embodiments, the controller may 1den-
tify one or more opportunities to modily the torque split
between said at least first and second electric machines to
balance the thermal load on said first and second electric
machines. By identifying any such opportunity in advance,
the controller can pre-emptively increase the proportion of
the total requested torque generated by one or more of said
at least first and second electric machines, for example to
prevent the predicted operating temperature of one of the at
least first and second electric machines exceeding a tem-
perature threshold.

The at least first and second traction machines may each
comprise an electric machine. Each electric machine may be
connected to an iverter connected to a traction battery. The
traction machines may each be incorporated into an electri-
cal drive unit (EDU.).

The at least first and second torque requests may comprise
a scalar, for example represented by a real number. The at
least first and second torque requests may comprise positive
(+ve) or negative (—ve) variables to represent the direction
in which the torque 1s to be applied.

The processor may be configured to determine at least
first and second power loss penalties in dependence on the
predicted operating temperatures of the at least first and
second traction machines. The at least first and second
power loss penalties may be proportional to the predicted
operating temperature or a predicted rate of change of the
operating temperature of the at least first and second traction
machines. The at least first and second power loss penalties
may be directly proportional to the predicted operating
temperature or a predicted rate of change of the operating
temperature of the at least first and second ftraction
machines.

The processor may be configured to determine the at least
first and second torque requests 1n dependence on said at
least first and second power loss penalties.

The processor may be configured to determine a first
predicted time (or first predicted times) when the operating
temperature of the first traction machine 1s predicted to
exceed a first temperature threshold. The processor may be
configured to increase or apply the first power loss penalty
a predetermined first time period prior to said first predicted
time. The duration of the first time period may be propor-
tional to the predicted operating temperature and/or a pre-
dicted rate of change of the operating temperature of the first
traction machine.

Alternatively, or in addition, the processor may be con-
figured to determine a first predicted geospatial location (or
plurality of first predicted geospatial locations) where the
operating temperature of the first traction machine 1s pre-
dicted to exceed a first temperature threshold. The processor
may be configured to increase or apply the first power loss
penalty a predetermined first time period prior to the vehicle
arriving at said first predicted geospatial location or a first
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distance before said first predicted geospatial location on the
current route. The length of the first distance may be
proportional to the predicted operating temperature and/or a
predicted rate of change of the operating temperature of the
first traction machine.

The processor may be configured to determine a second
predicted time when the operating temperature of the second
traction machine 1s predicted to exceed a second temperature
threshold. The processor may be configured to increase the
second power loss penalty a predetermined second time
period prior to said second predicted time. The duration of
the second time period may be proportional to the predicted
operating temperature and/or a predicted rate of change of
the operating temperature of the second traction machine.

Alternatively, or 1n addition, the processor may be con-
figured to determine a second predicted geospatial location
(or a plurality of second predicted geospatial locations)
where the operating temperature of the second traction
machine 1s predicted to exceed a second temperature thresh-
old. The processor may be configured to increase or apply
the second power loss penalty a predetermined second time
period prior to the vehicle arriving at said second predicted
geospatial location or a second distance before said second
predicted geospatial location on the current route. The length
of the second distance may be proportional to the predicted
operating temperature and/or a predicted rate of change of
the operating temperature of the second traction machine.

At least 1n certain embodiments, the processor may be
configured to determine a first power loss penalty in depen-
dence on a predicted operating temperature of the first
traction machine; and/or to determine a second power loss
penalty in dependence on a second predicted operating
temperature of the second traction machine. The processor
may be configured to determine a first predicted time when
the operating temperature of the first traction machine 1s
predicted to exceed a first temperature threshold. The pro-
cessor may apply the first power loss penalty a predeter-
mined first time period prior to said first predicted time. The
duration of the first time period may be proportional to the
predicted operating temperature and/or a predicted rate of
change of the operating temperature of the first traction
machine. Alternatively, or 1n addition, the processor may be
configured to determine a second predicted time when the
operating temperature of the second traction machine 1is
predicted to exceed a second temperature threshold. The
processor may apply the second power loss penalty a
predetermined second time period prior to said second
predicted time. The duration of the second time period may
be proportional to the predicted operating temperature and/
or a predicted rate of change of the operating temperature of
the second traction machine.

The comments herein 1n respect of determiming a first
power loss penalty in respect of a predicted operating
temperature of the first traction machine may also apply to
a predicted temperature of a first electric drive unit (EDU)
comprising or consisting of a first inverter for the first
traction machine. The processor may be configured to deter-
mine a first power loss penalty in dependence on a predicted
operating temperature of the first EDU. The comments
herein 1 respect of determining a second power loss penalty
in respect of a predicted operating temperature of the second
traction machine may also apply to a predicted temperature
of a second electric drive unit (EDU) comprising or con-
sisting of a second inverter for the second traction machine.
The processor may be configured to determine a second
power loss penalty 1n dependence on a predicted operating,
temperature of the second EDU. The processor may be
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4

configured to determine a first predicted time when the
operating temperature of the first EDU 1s predicted to exceed
a first temperature threshold. The processor may apply the
first power loss penalty a predetermined first time period
prior to said first predicted time. The duration of the first
time period may be proportional to the predicted operating
temperature and/or a predicted rate of change of the oper-
ating temperature of the first EDU. Alternatively, or 1n
addition, the processor may be configured to determine a
second predicted time when the operating temperature of the
second EDU 1s predicted to exceed a second temperature
threshold. The processor may apply the second power loss
penalty a predetermined second time period prior to said
second predicted time. The duration of the second time
period may be proportional to the predicted operating tem-
perature and/or a predicted rate of change of the operating
temperature of the second EDU.

The processor may be configured to predict the operating
temperature of the at least first and second traction machines
in dependence on an expected load of each of the at least first
and second traction machines. The load on said at least first
and second traction machines may be predicted in depen-
dence on one or more of the following set: vehicle location
data, driving speed, reference data relating to known geo-
graphical features, driving routes, speed limits, known or
detected road conditions which may place particular or
special power or load demands, battery state of charge
(SOC), external ambient air temperature or other climatic
conditions and estimated road-load.

The processor may be configured to pre-emptively control
one or more vehicle cooling subsystems 1n dependence on
the predicted operating temperatures of the at least first and
second traction machines. The processor may be configured
to actuate the one or more vehicle cooling subsystems to
provide cooling 1 dependent on the predicted operating
temperatures of the at least first and second traction
machines. The one or more vehicle cooling subsystems may
comprise one or more of the following set: a heat exchanger,
such as a radiator; a cooling fan; a coolant pump; and an
active aecrodynamic vane.

The processor may be configured to predict vehicle sta-
bility for at least the portion of a current route. The processor
may determine the at least first and second torque requests
in dependence on the predicted vehicle stability.

According to a further aspect of the present immvention
there 1s provided a controller for controlling operation of at
least first and second traction machines 1n a vehicle, the
controller comprising a processor configured to predict
vehicle stability for at least a portion of a current route. The
processor may determine at least first and second torque
requests for said at least first and second traction machines.
The at least first and second torque requests may be deter-
mined i dependence on the predicted vehicle stability. At
least first and second traction motor control signals may be
generated 1n dependence on the determined at least first and
second torque requests.

The vehicle stability may be predicted 1n dependence on
one or more of the following: a vehicle speed profile, a
longitudinal acceleration profile, a lateral acceleration pro-
file, and a coeflicient of friction ().

According to a further aspect of the present imvention
there 1s provided a vehicle comprising a controller as
described herein.

According to a further aspect of the present mmvention
there 1s provided a method of controlling operation of at
least first and second traction machines in a vehicle, the
method comprising:
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predicting an operating temperature of each of said at
least first and second traction machines for at least a portion
of a current route;

determining at least first and second torque requests for
said at least first and second traction machines, the at least
first and second torque requests being determined 1n depen-
dence on the predicted operating temperatures of the at least
first and second traction machines; and

controlling said at least first and second traction motor
control signals 1n dependence on the determined at least first
and second torque requests.

The method may comprise determining at least first and
second power loss penalties 1n dependence on the predicted
operating temperatures of the at least first and second
traction machines. The at least first and second power loss
penalties may be proportional to the predicted operating
temperature or a predicted rate of change of the operating
temperature of the at least first and second {traction
machines. The at least first and second power loss penalties
may be directly proportional to the predicted operating
temperature or a predicted rate of change of the operating
temperature.

The method may comprise determining the at least first
and second torque requests 1 dependence on said at least
first and second power loss penalties.

The method may comprise determining a first predicted
time when the operating temperature of the first traction
machine 1s predicted to exceed a first temperature threshold.
The method may comprise increasing the first power loss
penalty a predetermined first time period prior to said first
predicted time. The duration of the first time period may be
proportional to the predicted operating temperature and/or a
predicted rate of change of the operating temperature of the
first traction machine.

Alternatively, or 1n addition, the method may comprise
determining a first predicted geospatial location (or plurality
of first predicted geospatial locations) where the operating
temperature of the first traction machine i1s predicted to
exceed a first temperature threshold. The method may com-
prise increasing the first power loss penalty a predetermined
first time period prior to the vehicle arnving at said first
predicted geospatial location or a first distance before said
first predicted geospatial location on the current route. The
length of the first distance may be proportional to the
predicted operating temperature and/or a predicted rate of
change of the operating temperature of the first traction
machine.

The method may comprise determining a second pre-
dicted time when the operating temperature of the second
traction machine 1s predicted to exceed a second temperature
threshold. The method may comprise increasing the second
power loss penalty a predetermined second time period prior
to said second predicted time. The duration of the second
time period may be proportional to the predicted operating,
temperature and/or a predicted rate of change of the oper-
ating temperature of the second traction machine.

Alternatively, or 1n addition, the method may comprise
determining a second predicted geospatial location (or a
plurality of second predicted geospatial locations) where the
operating temperature of the second traction machine 1is
predicted to exceed a second temperature threshold. The
method may comprise increasing the second power loss
penalty a predetermined second time period prior to the
vehicle arriving at said second predicted geospatial location
or a second distance before said second predicted geospatial
location on the current route. The length of the second
distance may be proportional to the predicted operating
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temperature and/or a predicted rate of change of the oper-
ating temperature of the second traction machine.

The method may comprise predicting the operating tem-
perature of the at least first and second traction machines in
dependence on an expected load of each of the at least first
and second traction machines. The load on said at least first
and second traction machines 1s predicted in dependence on
one or more of the following set: vehicle location data,
driving speed, reference data relating to known geographical
teatures, driving routes, speed limits, known or detected
road conditions which may place particular or special power
or load demands, battery state of charge (SOC), external
ambient air temperature or other climatic conditions, and
estimated road-load.

The method may comprise pre-emptively controlling one

or more vehicle cooling subsystems 1n dependence on the
predicted operating temperatures of the at least first and
second traction machines. The method may comprise actu-
ating the one or more vehicle cooling subsystems to provide
cooling 1n dependent on the predicted operating tempera-
tures of the at least first and second traction machines. The
one or more vehicle cooling subsystems may comprise one
or more of the following set: a cooling fan, a coolant pump
and an active aerodynamic vane.
The method may comprise predicting vehicle stability for
at least the portion of a current route. The method may
comprise determining the at least first and second torque
requests 1n dependence on the predicted vehicle stability.

According to a further aspect of the present invention,
there 1s provided a method of controlling operation of at
least first and second traction machines 1 a vehicle. The
method may comprise predicting vehicle stability for at least
a portion of a current route. At least first and second torque
requests may be determined for said at least first and second
traction machines. The at least first and second torque
requests may be determined 1n dependence on the predicted
vehicle stability. The method may comprise controlling said
at least first and second traction motor control signals 1n
dependence on the determined at least first and second
torque requests.

The method may comprise predicting vehicle stability 1n
dependence on one or more of the following: a vehicle speed
profile, a longitudinal acceleration profile, a lateral accel-
eration profile, and a coeflicient of iriction ().

According to a further aspect of the present invention,
there 1s provided a non-transitory computer-readable
medium having a set of instructions stored therein which,
when executed, cause a processor to perform the method
described herein.

Any control unit or controller described herein may
suitably comprise a computational device having one or
more electronic processors. The system may comprise a
single control unit or electronic controller or alternatively
different functions of the controller may be embodied 1n, or
hosted 1n, different control units or controllers. As used
herein the term “controller” or “control unit” will be under-
stood to include both a single control unit or controller and
a plurality of control units or controllers collectively oper-
ating to provide any stated control functionality. To config-
ure a controller or control unit, a suitable set of instructions
may be provided which, when executed, cause said control
unit or computational device to implement the control
techniques specified herein. The set of instructions may
suitably be embedded 1n said one or more electronic pro-
cessors. Alternatively, the set of instructions may be pro-
vided as software saved on one or more memory associated
with said controller to be executed on said computational
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device. The control unit or controller may be implemented
in soitware run on one or more processors. One or more
other control unit or controller may be implemented 1n
soltware run on one or more processors, optionally the same
one or more processors as the first controller. Other suitable
arrangements may also be used.

Within the scope of this application it 1s expressly
intended that the various aspects, embodiments, examples
and alternatives set out in the preceding paragraphs, in the
claims and/or 1n the following description and drawings, and
in particular the individual features thereof, may be taken
independently or in any combination. That 1s, all embodi-
ments and/or features of any embodiment can be combined
in any way and/or combination, unless such features are
incompatible. The applicant reserves the right to change any
originally filed claim or file any new claim accordingly,
including the right to amend any originally filed claim to
depend from and/or incorporate any feature of any other
claim although not originally claimed in that manner.

BRIEF DESCRIPTION OF THE DRAWINGS

One or more embodiments of the present invention will
now be described, by way of example only, with reference
to the accompanying figures, 1n which:

FIG. 1 shows a schematic representation of a vehicle
incorporating a controller for controlling a torque split
between first and second electric machines in accordance
with an aspect of the present invention;

FIG. 2 shows a first block diagram illustrating the rela-
tionship between the controller and the first and second
electric machines shown 1n FIG. 1;

FIG. 3 shows a flow diagram 1llustrating the operation of
a prediction module 1n accordance with the present inven-
tion;

FIG. 4 illustrates a temperature trajectory of the first and
second electric machines predicted 1n dependence on route
information for a current route of the vehicle;

FIG. 5 1llustrates a chart representing a penalty table for
calculating a penalty power loss based on an operating
temperature of the first electric machine;

FI1G. 6 1llustrates the dynamic calculation of the tempera-
ture threshold and the target temperature in dependence on
the predicted operating temperature of first and second
electric machines for the current route; and

FI1G. 7 shows a second block diagram illustrating opera-
tion of the controller to predict vehicle stability.

DETAILED DESCRIPTION

A vehicle 1 incorporating a controller 2 in accordance
with an aspect of the present invention will now be described
with reference to the accompanying figures. The vehicle 1 in
the present embodiment 1s a battery electric vehicle, but the
techniques and apparatus described herein are applicable 1n
other types of vehicle, such as a hybrid electric vehicle
(HEV) or plug-in hybrid electric vehicle (PHEV). As shown
in FIG. 1, the vehicle 1 1n the present embodiment has four
wheels W1-4 mounted on front and rear axles 3, 4. The
vehicle 1 1n the present embodiment 1s a four-wheel drive
vehicle and, 1 use, torque 1s selectively transmitted to each
of the wheels W1-4 to propel the vehicle 1. The vehicle 1
may, for example, be an automobile, a utility vehicle or a
sports utility vehicle.

The vehicle 1 comprises a first electric drive unit (EDU)
5 for transmitting a first torque 11 to the front axle 3; and a
second EDU 6 for transmitting a second torque 12 to the rear
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axle 4. In the present embodiment, the first EDU 5 1s
operable to transmit a front torque TQ1 to the front wheels
W1, W2 of the vehicle 1; and the second EDU 6 1s operable
to transmit a rear torque TQ2 to the rear wheels W3, W4 of
the vehicle 1. The term ““front torque™ used herein refers to
the torque applied at the front axle 3; and the term “‘rear
torque” used herein refers to the torque applied at the rear
axle 4. The aggregate of the front and rear torques TQ1, TQ2
1s at least substantially equal to a total requested torque TQ.
The front and rear torques TQ1, TQ2 may be expressed as
a percentage of the total requested torque T(Q. The front and
rear torques TQ1, TQ2 are complementary and, when com-
bined, are at least substantially equal to the total requested
torque TQ (1.e. 100%). The total requested torque may be
generated 1n dependence on a driver torque request.

The first EDU 5 comprises a first electric machine 7, a first
iverter 8 and a first gearbox/diflerential 9. The second EDU
6 comprises a second electric machine 10, a second inverter
11 and a second gearbox/differential 12. The first and second
clectric machines 7, 10 are traction motors for generating
torque to propel the vehicle 1. The first and second electric
machines 7, 10 each comprise a rotor and a stator (not
shown). The first and second electric machines 7, 10 may,
for example, be permanent-magnet synchronous motors
(PMSM). The first and second inverters 8, 11 are connected
to a traction battery (not shown) for supplying power to the
first and second electric machines 7, 10. The first and second
inverters 8, 11 also perform DC to AC conversion for AC
motors. The controller 2 1s configured to output front and
rear torque demand signals DSF1, DSF2 to control operation
of the first and second EDUs 5, 6. As described herein, the
front and rear torque demand signals DSF1, DSF2 control
operation of the first and second electric machines 7, 10. The
controller 2 may thereby control the first and second torques
11, T2 transmitted to the front and rear axles 3, 4.

The controller 2 1n accordance with the present embodi-
ment 1s the vehicle stability controller (VSC). The controller
2 comprises an electronic processor 13 coupled to a memory
device 14. The memory device 14 comprises a set of
non-transitory instructions which, when executed, cause the
clectronic processor 13 to perform the method(s) described
herein. The controller 2 1s connected to an interface 15, such
as a communication bus, to communicate with electronic
control units (ECUs) provided in the vehicle 1. The ECUs
are denoted generally by the reference numeral 16 1n FIG. 1.
The controller 2 1s configured to receive an accelerator
signal SA1 from an accelerator pedal sensor 17 associated
with an accelerator pedal (not shown) provided in the
vehicle 1. The controller 2 1s configured also to receive a
brake signal SB1 from a brake pedal sensor 18 associated
with a brake pedal (not shown) provided in the vehicle 1.

A schematic representation of the controller 2 1s shown 1n
FIG. 2. The controller 2 1s configured to implement a limait
control module 20, a driver demand determination and
arbitration module 21, a traction and handling control mod-
ule 22, a torque split module 23, and a torque shaping
module 24. The limit control module 20 receives maximum
and minimum limits from controllers (not shown) associated
with the first and second mverters 8, 11. In some applica-
tions, the limit control module 20 may receive a pair of
inverter limits for each of the first and second electric
machines 7, 10 to describe peak capability (1.e. motor/
inverter capability for a short duration of time) and continu-
ous capability (i.e. motor/inverter capability for indefinite
operation). The limit control module 20 also receives a
power limit from the traction battery and converts this to an
equivalent torque limit for each of the first and second
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clectric machines 7, 10, for example by partitioning the
power limit according to a current torque split between said
first and second electric machines 7, 10. The limit control
module 20 may generate a maximum and minimum limit for
each of the first and second electric machines 7, 10 1in
dependence on one or more of these limits. The limit control
module 20 generates first and second limit control signals
LCS1, LCS2. The first limit control signal LCS1 represents
the combined powertrain maximum and mimmum limits.
The second limit control signal LCS2 comprises maximum
and minimum limits for each of the first and second electric
machines 7, 10 at the wheel frame of reference, 1.e. actuator
limits converted to wheel frame of reference by accounting
for the transmission ratio and losses.

The first and second limit control signals LCS1, LCS2 are
output to the driver demand determination and arbitration
module 21 and the traction and handling control module 22
respectively. The driver demand determination and arbitra-
tion module 21 receives driver inputs, including the accel-
crator signal SA1 and the brake signal SB1. The drniver
demand determination and arbitration module 21 is opera-
tive to generate a torque demand signal SDT1 1n dependence
on the accelerator signal SA1 and the brake signal SB1. The
torque demand signal SDT1 comprises a total requested
torque to be transmitted to the front and rear axles 3, 4 as a
traction torque or a regenerative torque. The total requested
torque may be a positive (accelerating) torque (+ve) for
transmitting a drive torque to the wheels W1-4; or a negative
(braking) torque (—ve) for transmitting a braking or regen-
erative torque to the wheels W1-4. It will be understood that
the vehicle 1 may decelerate if the positive (+ve) torque
request 1s less than the overall vehicle losses, which may
occur, for example, when the vehicle 1 1s ascending a
gradient. Conversely, the vehicle 1 may accelerate if the
negative (—ve) torque request 1s less than the overall vehicle
gains, which may occur, for example, when the vehicle 1 1s
descending a gradient. The total requested torque may be
generated 1n dependence on a cruise control system or an
adaptive cruise control system. The present invention may
be 1mplemented 1n conjunction with an autonomous or
semi-autonomous control module(s) which may at least
generate the total requested torque. The torque demand
signal SIDT1 1s output to the traction and handling control
module 22. The torque split module 23 1s operative to
control the torque transmitted to the front and rear axles 3,
4 to meet the total requested torque.

The traction and handling control module 22 1s configured
to determine a torque distribution between the front and rear
axles 3, 4 (1.e. a torque split between the front and rear axles
3, 4) suitable for maintaimng dynamic stability of the
vehicle 1. The traction and handling control module 22 1s
configured to determine first and second torque ranges TR1,
TR2 which define respective first and second ranges of the
torque to be transmitted to the front and rear axles 3, 4
respectively. The first torque range TR1 may comprise a
mimmum value TQI1(MIN) and a maximum value TQI1
(MAX); and the second torque range TR2 may comprise a
mimmum value TQ2(MIN) and a maximum value TQ21
(MAX). The first and second torque ranges TR1, TR2 in the
present embodiment are expressed as a percentage of the
total requested torque TQ. In alternative embodiments, the
first and second torque ranges TR1, TR2 may be expressed
as torque values. The minimum value TQ1(MIN) of the first
torque range TR1 and the minimum value of the second
torque range TQ2(MIN) are both greater than or equal to
zero (0) when the total requested torque TQ 1s greater than
or equal to zero (0). The maximum value TQ1(MAX) of the
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first torque range TR1 and the maximum value of the second
torque range TQ2(MAX) are both less than or equal to zero
(0) when the total requested torque TQ 1s less than or equal
to zero (0). The front and rear torques TQ1, TQ2 are
complementary and, when combined, are at least substan-
tially equal to the total requested torque TQ (1.e. 100%). The
first and second torque ranges TR1, TR2 may be predefined,
for example 1n dependence on detected operating conditions
or driving modes. The traction and handling control module
22 combines the first and second limit control signals LCS1,
LCS2 from the limit control module 20 with internally
generated limits for stability and/or traction. Examples of
traction and handling control include:

Pedal Position

The traction and handling control module 22 may deter-
mine the torque distribution between the front and rear axles
3, 4 in dependence on the accelerator pedal position and/or
the brake pedal position. The traction and handling control
module 22 may determine the extent of the first torque range
TR1 and/or the second torque range TR2 in dependence on
the accelerator pedal position and/or the brake pedal posi-
tion. By way of example, the extent of the first and second
torque ranges TR1, TR2 may be inversely proportional to a
magnitude of the brake torque request generated by depress-
ing the brake pedal. Alternatively, or in addition, the traction
and handling control module 22 may determine the extent of
the first and second torque ranges TR1, TR2 in dependence
on the rate of change of the accelerator pedal position and/or
the brake pedal position. The extent of the first and second
torque ranges TR1, TR2 may be inversely proportional to a
brake torque request generated by depressing the brake
pedal. Any changes made to the torque distribution and/or
the extent of the first and second torque ranges TRT1, TR2
may be made progressively.

Vehicle Dynamics

The traction and handling control module 22 may deter-
mine the torque distribution between the front and rear axles
3, 4 1n dependence on the longitudinal acceleration and/or
lateral acceleration of the vehicle 1. Alternatively, or 1n
addition, the traction and handling control module 22 may
determine the torque distribution between the front and rear
axles 3, 4 1n dependence on a vehicle speed profile and/or a
coellicient of friction (u). The traction and handling control
module 22 may determine the extent of the first and second
torque ranges TR1, TR2 1n dependence on the longitudinal
acceleration and/or lateral acceleration of the vehicle 1.
Alternatively, or in addition, the traction and handling
control module 22 may determine the extent of the first and
second torque ranges TR1, TR2 1n dependence on the rate of
change of the longitudinal acceleration and/or lateral accel-
eration of the vehicle 1. The extent of the first and second
torque ranges TR1, TR2 may be inversely proportional to
the longitudinal acceleration and/or lateral acceleration. Any
changes made to the torque distribution and/or the extent of
the first and second torque ranges TR11, TR2 may be made
progressively. By way of example, at low longitudinal and
lateral acceleration, the traction and handling control mod-
ule 22 may allow 20-80%/80-20% front/rear torque distri-
bution. In this scenario, the first torque range TR1 may
comprise a mmimum value TQ1_TEMP(MIN) of 20% of
the total requested torque TQ and a maximum value
TQ1_TEMP(MAX) of 80% of the total requested torque
TQ; and the second torque range TR2 may comprise a
minimum value TQ2_TEMP(MIN) of 20% of the total
requested torque TQ and a maximum value TQ1_TEMP
(MAX) of 80% of the total requested torque TQ. The

traction and handling control module 22 may restrict the
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front-torque distribution. At high longitudinal and lateral
accelerations, the extent of the first and second torque ranges
TR1, TR2 may be reduced, for example to 70-100%/30-0%
front/rear torque distribution. In this scenario, the first torque
range TR1 may comprise a minimum value TQ1_TEMP
(MIN) of 70% of the total requested torque TQ and a
maximum value TQ1_TEMP(MAX) of 100% of the total

requested torque TQ); and the second torque range TR2 may
comprise a minimum value TQ2_TEMP(MIN) of 0% of the

total requested torque TQ and a maximum value
TQ1_TEMP(MAX) of 30% of the total requested torque
TQ. TOQ1_TEMPTQ1_TEMPTQ2_TEMPTQ2_TEMPAny
changes made to the torque distribution and/or the extent of
the first and second torque ranges TR11, TR2 may be made
progressively. It will be understood that the first and second
torque ranges TR1, TR2 are non-zero. In certain scenarios,
the traction and handling control module 22 may specily a
discrete ratio for the front/rear torque distribution; this 1s
outside the scope of at least certain aspects of the present
invention.

Estimated Coethlicient of Friction (u)

The traction and handling control module 22 may esti-
mate a coeflicient of friction (u) of the surface under the
wheels W1-4 of the vehicle 1. The traction and handling
control module 22 may control the torque distribution
between the front and rear axles 3, 4 in dependence on the
estimated coeflicient of friction (u). The traction and han-
dling control module 22 may change the extent of the first
and second torque ranges TR1, TR2 in dependence on
changes 1n the longitudinal acceleration and/or lateral accel-
eration.

The first and second torque ranges TR1, TR2 each define
mimmum and maximum torque limits for the first and
second EDUs 5, 6. Thus, the first torque range TR1 defines
a minimum front torque and a maximum {ront torque for
transmission to the front axle 3; and the second torque range
TR2 defines a minimum rear torque and a maximum rear
torque for transmission to the rear axle 4. The first torque
range TR1 and/or the second torque range TR2 may com-
prise a static, pre-defined torque range for the respective first
and second electric machines 7, 10, for example —-3000 Nm
to +3000 Nm with 10 Nm steps. Alternatively, or in addition,
the first torque range TR1 and/or the second torque range
TR2 may be capped by a minimum/maximum torque limiat,
for example dependent on an operating speed of the respec-
tive first and second electric machines 7, 10. Alternatively,
or in addition, the first torque range TR1 and/or the second
torque range TR2 may be determined in dependence on
operating limits, for example one or more of the following
set: traction battery power limit, mverter limits and trans-
mission limits. Alternatively, or in addition, the first torque
range TR1 and/or the second torque range TR2 may be
determined to maintain dynamic stability of the vehicle. At
least 1n certain embodiments, the first and second torque
ranges TR1, TR2 may be dynamic ranges and may vary in
dependence on current or predicted operating conditions.

The first and second torque ranges TR1, TR2 are output
to the torque split module 23. The torque split module 23 1s
operative to control the torque transmitted to the front and
rear axles 3, 4 to meet the total requested torque TQ. The
torque split module 23 1s operative to optimise the efliciency
of the first and second electric machines 7, 10 within the first
and second torque ranges TR1, TR2. In certain embodi-
ments, the torque split module 23 may be configured to
optimise the overall combined efliciency of the first and
second EDUs 3, 4, for example considering the operating
efliciencies of the first and second inverters 8, 11 and/or the
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first and second gearbox/differentials 9, 12. As described
herein, the torque split module 23 1s configured to generate
the front and rear torque demand signals DS1, DS2 to
control operation of the first and second electric machines 7,
10. The front torque demand signal DS1 comprises a front
torque request TQ1 for the first electric machine 7; and the
rear torque rear torque demand signal DS2 comprises a rear
torque request TQ2 for the second electric machine 10. The
aggregate of each complementary pair of front and rear
torque requests TQ2s, TQ2 1s at least substantially equal to
the total requested torque TQ. The torque split module 23 1s
configured to receive first and second motor speed signals
MS1, MS2. The torque split module 23 is also configured to
receive first and second temperature signals TS1, TS2 relat-
ing to the respective first and second EDUs 5, 6. The first
temperature signal TS1 comprises one or more of the
following set: a temperature of the first electric machine 7
(rotor and/or stator temperature); a temperature of the first
inverter 8; and a temperature of the first gearbox/diflerential
9. The second temperature signal TS2 comprises one or
more of the following: a temperature of the second electric
machine 10 (rotor and/or stator temperature); a temperature
of the second nverter 11, and a temperature of the second
gearbox/diflerential 12. The first temperature signal TS1
and/or the second temperature signal TS2 may be measured
by one or more sensors (not shown) coupled to the respec-
tive components. Alternatively, the first temperature signal
TS1 and/or the second temperature signal TS2 may be
estimated by respective thermal models, for example 1n
dependence on operating conditions or loads of the respec-
tive components. The operation of the torque split module
23 to generate the front and rear torque demand signals DS1,
DS2.

The front and rear torque demand signals DS1, DS2 are
output to the torque shaping module 24. The torque shaping
module 24 1s configured to re-profile the front and rear
torque demand signals DS1, DS2 and to generate front and
rear final torque demand signals DSF1, DSF2 which are
output to the respective first and second inverters 8, 11. The
first and second inverters 8, 11 control operation of the first
and second electric machines 7, 10 1n dependence on said
front and rear final torque demand signals DSF1, DSF2. As
outlined above, the first and second electric machines 7, 10
may generate a positive torque for propelling the vehicle 1
or a negative torque to slow the vehicle 1. The first and
second electric machine 7, 10 may be configured to regen-
crate energy under braking, for example to recharge the
traction battery.

The torque split module 23 1s configured to determine the
corresponding torque split between the first and second
propulsion umts 3, 6. The front and rear torque demand
signals DS1, DS2 are generated such that the front and rear
torque requests TQ1, TQ2 correspond to the determined
torque split. The torque split module 23 receives the first and
second torque ranges TR1, TR2 and determines the optimum
torque split between the first and second EDUs 5, 6 to meet
the total requested torque TQ. The relationship between the
total requested torque TQ and the first and second torque
ranges TR1, TR2 1s defined by the following equation:

7O=min(TR1)+max(TR2)=min(TR2)+max(TR1) (1)

The controller 2 1s configured to implement a prediction
module 235 for predicting first and second operating tem-
peratures P11, P12 of the first and second electric machines
7, 10 respectively. As described herein, the predication
module predicts the first and second predicted operating
temperatures PT1, PT2 for at least a portion of a current
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route of the vehicle 1. The prediction module 25 is operable
to assess whether the first and second predicted operating
temperatures PT1, P12 will exceed respective first and
second temperature thresholds TTHI1, TTH2. The first and
second temperature thresholds TTH1, TTH2 may be prede-
termined, for example based on operating parameters of the
first and second electric machines 7, 10. The first and second
temperature thresholds TTH1, TTH2 may, for example,
correspond to a predetermined temperature above which the
first and second electric machines 7, 10 are de-rated to avoid
damage. In the present embodiment the first and second
temperature thresholds TTH1, TTH2 are the same for the
first and second electric machines 7, 10. The assessment
may, for example, determine if the first and second predicted
operating temperatures P11, P12 will exceed the respective
first and second temperature thresholds TTH1, TTH2 within
a prescribed time period, for example within the next 5
minutes or 10 minutes. Alternatively, or in addition, the
assessment may seek to identily a particular time or a
particular time period when the first and second predicted
operating temperatures PT1, P12 1s predicted to exceed the
respective first and second temperature thresholds TTHI,
TTH2. The first temperature threshold TTH1 in the present
embodiment defines a maximum operating temperature for
the first electric machine 7 above which the first electric
machine 7 must be de-rated. The second temperature thresh-
old TTH2 in the present embodiment defines a maximum
operating temperature for the second electric machine 10
above which the second electric machine 10 must be de-
rated.

The first and second predicted operating temperatures
PT1, P12 are determined 1n respect of a current route being
undertaken by the vehicle 1. A route prediction algorithm
may be provided to predict the current route, for example in
dependence on a current position and a destination of the
vehicle 1. The route prediction algorithm may be imple-
mented by the prediction module 25. Alternatively, the route
prediction algorithm may be implemented by a separate
module, such as a satellite navigation module. The current
position of the vehicle 1 may be determined by one or more
on-board navigation systems, such as a Global Positioning
System (GPS); communicating with an external device, such
as a cellular telephone paired with the vehicle 1; or dead
reckoning (DR) using a previously determined position and
advancing that position based on known or estimated speeds
over an elapsed time period for the current route. The
destination of the vehicle 1 may be input by the user, for
example corresponding to the destination specified 1 a
satellite navigation system. Alternatively, or 1n addition, the
destination may be determined in dependence on historic
destination data, for example by referencing one or more
previous destinations.

The prediction module 25 implements first and second
thermal models to predict the respective first and second
operating temperatures P11, PT2. The first and second
thermal models are operative to model the thermal behav-
iour of the first and second electric machines 7, 10 in
dependence on expected power consumption over the cur-
rent route. In the present embodiment, the prediction module
25 predicts the first and second predicted operating tem-
peratures P11, P12 of the first and second electric machines
7, 10 1in dependence on an expected power consumption
along the current route. The first and second predicted
operating temperatures P11, PT2 are determined at least 1n
part 1n dependence on route information INF1 relating to the
current route. By way of example, the first and second
thermal models implemented by the prediction module 25

10

15

20

25

30

35

40

45

50

55

60

65

14

may predict the load on each of the first and second electric
machines 7, 10 based at least 1n part on the route information
INF1 relating to the current route. The power consumption
by the first and second electric machines 7, 10 may differ
depending on the load conditions encountered along the
current route, resulting 1n different first and second operating
temperatures P11, PT2. The first and second -electric
machines 7, 10 may be required to generate diflerent traction
and regenerative torques Ifrom each other, resulting 1n
uneven power consumption (and thermal behaviour). These
scenarios may prevail if there are sigmificant elevation
changes in the current route, for example ascending and/or
descending a mountainous route. The first and second pre-
dicted operating temperatures P11, P12 may be estimated
for at least a portion of the current route 1n dependence on
the predicted load. If the prediction module 25 determines
that the vehicle 1 has traveled along part or all of the same
route previously, the prediction module 25 may optionally
reference historic data associated with that particular route.
The historic data may comprise temperature data measured
by one or more temperature sensors associated with said first
and second electric machines 7, 10. Alternatively, or 1n
addition, the historic data may comprise load data repre-
senting the loads applied to the first and second electric
machines 7, 10.

The route information INF1 may include one or more of
the following set: road gradient, road curvature, road eleva-
tion (for example comprising positive elevation changes
and/or negative elevation changes for the current route),
speed limits or restrictions, trathic light location(s), round-
about location(s) and traflic volume (congestion) data, road-
works and other road obstructions. Alternatively, or in
addition, the route mformation INF1 may include historic
data comprising one or more of the following set: rate of
acceleration and/or deceleration, driving speed, average
speed for a given route and driving style (which may be
associated with a particular driver). Alternatively, or 1n
addition, the route information INF1 may comprise infor-
mation measured by one or more sensors provided on the
vehicle 1, for example, moving objects, pedestrians, cyclists
and other vehicles. Alternatively, or 1n addition, the route
information INF1 may include known or forecast ambient
air temperature or weather conditions (such as precipitation)
for part or all of the current route. At least some of the route
information INF1 may be accessed from a database. The
database may be held 1n a storage device which 1s disposed
in the vehicle or which may be accessed remotely, for
example over a wireless communication network. Suitable
resources for some or all of the route information INF1
include the eHorizon system oflered by Continental AG, and
the Car2X system oflered by Siemens Aktiengesellschatt.
Alternatively, or 1 addition, the route information INF1
may comprise data generated by one or more vehicle sen-
sors. The vehicle sensors may, for example, comprise one or
more of the following set: a radar system, an optical or
infrared camera, a lidar scanner, an inertial sensor and an
accelerometer. The route information INF1 may relate to the
entirety of the current route or a portion of the current route.

The operation of the prediction module 25 will now be
described with reference to a block diagram 100 shown 1n
FIG. 3. The route prediction algorithm 1dentifies the current
route (BLOCK 101). The identified route may correspond to
a whole journey; or may comprise a rolling horizon, for
example corresponding to the next x km in the current route
(for example, a rolling horizon of 8 km which 1s updated
every 1 km or every 2 kms). The route may be identified
when the user enters the destination 1n the satellite naviga-




US 11,124,176 B2

15

tion or using the route prediction algorithm described herein.
The route information INF1 relating to the predicted current
route 1s then accessed (BLOCK 102). As described herein,
the route information INF1 may be obtained from a database
(stored locally or remotely) and/or one or more vehicle
sensors. The prediction module 25 1s operative to predict a
total tractive power requirement at the wheels W1-4 of the
vehicle 1 while 1t travels along the predicted current route
(BLOCK 103). The traction power requirements may
optionally also reference road/load estimations (BLOCK
104). Alternatively, or in addition, the ftraction power
requirements may identity the driver of the vehicle 1
(BLOCK 103) to make allowances for driving style. A
prediction 1s made of the total tractive power requirement at
the wheels W1-4 of the vehicle 1. In dependence on the
predicted total tractive power requirement, and the route
information INF1, the prediction module 25 calculates a
trajectory (or profile) of the torque split between the first and
second electric machines 7, 10 (BLOCK 106). The predic-
tion module 25 may optimise the torque split between the
first and second EDUs 5, 6 for energy usage of the propul-
sion system, whilst optionally satisiying one or more of the
tollowing requirements: vehicle stability, traction and drive-
ability. The temperature trajectory 1s calculated for each of
the first and second electric machines 7, 10 1n dependence on
one or more of the following set: the calculated trajectory of
the torque split between the first and second EDUs 5, 6;
ambient conditions; system/component temperatures; other
vehicle sensor information and the route information INF1
(BLOCK 107). The temperature trajectories of the first and
second electric machines 7, 10 are compared to the first and
second temperature thresholds TTHI1, TTH2 respectively
(BLOCK 108). If neither of the first and second predicted
operating temperatures PT1, P12 exceed the first and second
temperature thresholds TTHI1, TTH2, the algorithm 1s ter-
minated (END). If one or both of the first and second
predicted operating temperatures P11, P12 exceeds the
respective first and second temperature thresholds TTHI,
TTH2 the prediction module 235 1dentifies opportunities for
more effective cooling and/or increased torque split between
the first and second electric machines 7, 10 (BLOCK 109).
The predicted temperature trajectories may optionally be
used to control one or more cooling subsystems in the
vehicle 1; and/or to optimise control of the first and second
clectric machines 7, 10. The prediction module 25 outputs
control signals comprising a predictive torque split require-
ment and/or a predictive cooling subsystem requirement.
The predictive torque split requirement may be expressed 1n
terms of a temperature target trajectory and a closed-loop
controller acting on torque split to maintain the tracking
error within pre-specified tolerance. The tolerance may, for
example, be proportional to the predicted operating tem-
perature of the traction machines.

The controller 2 receives the control signals from the
prediction module 25 and performs a final arbitration
between predictive and non-predictive torque split require-
ments and/or cooling subsystem requirements (BLOCK
110). The non-predictive control systems 1n the controller 2,
such as the torque split module 23, recerve current vehicle
operating parameters and output non-predictive torque split
requirements and/or cooling subsystem requirements
(BLOCK 111). The current vehicle operating parameters
may comprise one or more of the following set: vehicle
speed (VREF), accelerator pedal position, brake pedal posi-
tion, traction motor operating temperatures, and energy
consumed by the high voltage (HV) battery. It will be
understood that the current vehicle operating parameters
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may be measured and/or estimated. The controller 2 deter-
mines an appropriate level of compensation 1n dependence
on the received predictive and non-predictive signals. The
controller 2 outputs the final front and rear torque demand
signals DSF1, DSF2 corresponding to the final torque split
between the front and rear axles 3, 4; and/or the final cooling
subsystem control signals.

As outlined above, 1f one or both of the first and second
predicted operating temperatures P11, P12 predicted by the
prediction module 25 exceeds the first and second tempera-
ture thresholds TTHI1, TTH2, the prediction module 25 may
identily opportunities for a more elflective torque split
between the first and second electric machines 7, 10. In
particular, the first and second electric machines 7, 10 may
be controlled mm dependence on the predicted temperature
trajectories of the first and second electric machines 7, 10 for
part or all of the current route. The trajectory of the torque
split between the first and second electric machines 7, 10 1s
determined 1n dependence on the first and second predicted
operating temperatures PT1, PT2.

The torque split module 23 1s configured to determine the
proportion of the total requested torque TQ generated by
each of the first and second electric machines 7, 10. In
accordance with an aspect of the present invention, the
torque split between the first and second electric machines 7,
10 1s controlled to increase, and pretferably to maximise, the
period of time during the current route when the operating
temperature of the first and second electric machines 7, 10
1s below the first and second temperature thresholds TTHI,
TTH2. In the present embodiment, first and second power
penalties PP1, PP2 are calculated 1n respect of the predicted
operating temperatures PT1, P12 of the first and second
electric machines 7, 10 for the current route.

The first and second power penalties PP1, PP2 are cal-
culated in respect of each of the first and second electric
machines 7, 10. The first and second power penalties PP1,
PP2 are applied to provide a bias against activating either of
the first and second electric machines 7, 10 1t the prediction
module 25 determines that the predicted operating tempera-
tures PT1, PT2 of the first and second electric machines 7,
10 will exceed the first and second temperature thresholds
TTHI1, TTH2 respectively.

A first mechanical power factor 1s calculated by multi-
plying the front torque request TQ1 and the operating speed
of the first electric machine 7. The first mechanical power
factor and a first penalty factor W1 are multiplied together
to determine the first power penalties PP1. The relationship

between a first penalty factor W1 and an operating tempera-
ture of the first electric machine 7 1s illustrated 1n a first
penalty chart 33 shown 1n FIG. 5. The first penalty chart 33
represents a penalty table for calculating the first penalty
factor W1 1n dependence on the first predicted operating
temperature P11 of the first electric machine 7. As illustrated
in FIG. §, the first penalty factor W1 1s at a minimum (for
example zero) when the first predicted operating tempera-
ture PT1 1s less than or equal to a first target temperature
PT1target for the first electric machine 7. The first penalty
factor W1 increases when the first predicted operating
temperature P11 1s greater than the first target temperature
PT1target for the first electric machine 7. A second mechani-
cal power factor 1s calculated by multiplying the rear torque
request TQ2 and the operating speed of the second electric
machine 10. A second penalty factor W2 1s derived from a
second penalty chart (not shown) in dependence on the
predicted operating temperature P12 of the second electric
machine 10. The second penalty factor W2 1s at a minimum
(for example zero) when the second predicted operating
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temperature PT2 1s below a second target temperature
PT2target for the second electric machine 10. The second
penalty factor W2 increases when the second predicted
operating temperature P12 1s greater than the second target
temperature P12target for the second electric machine 10.
The second mechanical power factor and the second penalty
factor W2 are multiplied together to determine the second
power penalty PP2. It will be understood that the first and
second power penalties PP1, PP2 may be integrated into first
and second motor maps defined for the first and second
clectric machines 7, 10. For example, the first and second
motor maps may include a penalty associated with the
temperature of the respective first and second electric
machines 7, 10 to bias the torque split away {from one or
other of said first and second electric machines 7, 10 as the
operating temperature approaches the respective first and
second temperature thresholds TTH1, TTH2. The first target
temperature PT1target and/or the second target temperature
PT2target may be fixed. Alternatively, as described below,
the first target temperature PTltarget and/or the second
target temperature P12target may be calculated dynamically.

The first power penalty PP1 1s increased if the first
predicted operating temperature PT1 (1.e. the predicted
operating temperature of the first electric machine 7) is
predicted to exceed the first temperature threshold TTHI1
within a predetermined time period or a predetermined
distance. Alternatively, or 1n addition, the first power penalty
PP1 may be increased 1f the rate at which the first predicted
operating temperature P11 1s increasing exceeds a first
predetermined rate change threshold (corresponding a gra-
dient of the first predicted operating temperature P11)
within a predetermined time period or a predetermined
distance. The second power penalty PP2 1s increased 1t the
second predicted operating temperature P12 (1.e. the pre-
dicted operating temperature of the second electric machine
10) 1s predicted to exceed the second temperature threshold
TTH2 within a predetermined time period or a predeter-
mined distance. Alternatively, or in addition, the second
power penalty PP2 may be increased 1f the rate at which the
second predicted operating temperature PT2 1s increasing
exceeds a second predetermined rate change threshold (cor-
responding a gradient of the second predicted operating
temperature PT2) within a predetermined time period or a
predetermined distance.

The torque split module 23 1s configured to reduce the
proportion of the total requested torque generated by the first
clectric machine 7 in dependence on an increase 1n the first
power penalty PP1. The torque split module 23 1s configured
to reduce the proportion of the total requested torque gen-
erated by the second electric machine 10 1n dependence on
an 1ncrease 1n the second power penalty PP2. The torque
split module 23 may optionally be configured to determine
the front and rear torques TQ1, TQ2 within the respective
first and second torque ranges TR1, TR2 determined by the
traction and handling control module 22.

The first power penalty PP1 may be derived from the first
penalty chart 33 in dependence on the predicted operating
temperature PT1 of the first electric machine 7. The first
power penalty PP1 may be proportional to the magnitude of
the predicted operating temperature P11 of the first electric
machine 7. Alternatively, or in addition, the first power
penalty PP1 may be proportional to the period of time at
which the predicted operating temperature P11 of the first
clectric machine 7 1s above the first temperature threshold
TTH1. The prediction module 235 could, for example, inte-
grate the trajectory of the first predicted operating tempera-
ture P11 with respect to time. The second power penalty PP2
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may be derived from a second lookup table 1n dependence
on the predicted operating temperature P12 of the second
clectric machine 10. The second power penalty PP2 may be
proportional to the magnitude of the predicted operating
temperature P12 of the second electric machine 10. Alter-
natively, or 1n addition, the second power penalty PP2 may
be proportional to the period of time at which the predicted
operating temperature P12 of the second electric machine 10
1s above the second temperature threshold TTH2. The pre-
diction module 25 could, for example, integrate the trajec-
tory of the second predicted operating temperature with
respect to time.

As outlined above, the first target temperature PT1target
and/or the second target temperature PT2target may be
calculated dynamically. A second chart 300 1illustrating a
dynamically calculated first temperature threshold TTHI 1s
shown m FIG. 6. As illustrated in FIG. 6, the first target
temperature PT1target 1s calculated 1n dependence on de-
rate events when the output torque of the first electric
machine 7 1s restricted, for example to prevent damage due
to over-heating. The de-rate events occur when the first
predicted operating temperature PT1 exceeds the first tem-
perature threshold TTHI1. Thus, the prediction module 235
can predict when one or more de-rate events will occur
during the current route. The first target temperature
PT1target 1s calculated with reference to the first predicted
operating temperature PT1 at the end of successive de-rate
events. The first target temperature PT1target comprises a
target line connecting the first predicted operating tempera-
ture PT1 at the end of a first de-rate event to the first
predicted temperature P11 at the end of a second de-rate
event. The target line 1n the present embodiment are linear
but they may be non-linear, for example comprising a curve.
As shown 1n FIG. 6, the first and second de-rate events are
successive de-rate events, as determined 1n dependence on
the first predicted temperature PT1. The end of each de-rate
event 1s 1dentified by the first predicted temperature PT1
dropping below the first temperature threshold TTHI1. The
first temperature target PT1target can be used as a dynamic
breakpoint. The first temperature threshold TTHI1 could also
be considered as a dynamic breakpoint which can be low-
ered to create “headroom” for further de-rate events of the
first electric machine 7 along the current route. With refer-
ence to FIG. 5, any mtermediate breakpoints x1, xn between
the first target temperature PT1target and the first tempera-
ture threshold TTHI1 could be expressed as a percentage of
the mterval between the first target temperature PT1target
and the first temperature threshold TTHI. It will be under-
stood that the second target temperature P'12target may be
calculated using the same technique with respect to the
second predicted temperatures P12 and the second tempera-
ture threshold TTH2.

The torque split module 23 generates a front torque
demand signal DS1 comprising a front torque TQ1, and a
rear torque demand signal DS2 comprising a rear torque
TQ2. The front and rear torque demand signals DS1, DS2
are output to the torque shaping module 24. The torque
shaping module 24 outputs final front and rear torque
demand signals DSF1, DSF2 to the first and second inverters
8, 11 respectively. The first and second electric machines 7,
10 are controlled 1n dependence on final front and rear
torque demand signals DSF1, DSF2 to transmit front and
rear torques TQ1, TQ2 to the front and rear axles 3, 4. The
front and rear torques TQ1, TQ2 are complementary and are
at least substantially equal to the total requested torque.

A first chart 200 showing an exemplary representation of
the trajectory of the first and second predicted operating
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temperatures PT1, P12 for a current route 1s shown in FIG.
4. In the illustrated example, the prediction module 235
predicts that the first predicted operating temperature P11
will exceed the first temperature threshold TTHI1 at a first
distance d1, and that the first predicted operating tempera-
ture PT1 will remain above the first temperature threshold
TTH1 until a second time t2. During the first distance
interval (d1 to d2), the prediction module 235 determines that
the second predicted operating temperature P12 will remain
below the second temperature threshold TTH2. The predic-
tion module 25 identifies this first distance interval (d1 to d2)
as an opportunity to increase the proportion of the total
requested torque generated by the second electric machine
10. By identifying this opportunity i advance (1.e. before
distance dl), the prediction module 25 can pre-emptively
increase the proportion of the total requested torque gener-
ated by the second electric machine 10 before the first
predicted operating temperature PT1 exceeds the first tem-
perature threshold TTHI1. At least in certain scenarios this
may allow the operating temperature of the first electric
machine 7 to be reduced. The prediction module 25 may
update the first and second predicted operating temperatures
PT1, P12 either in real time or at predetermined intervals

(either time or distance). Further opportunities to adjust the
torque split are 1dentified 1n respect of the distance intervals
d3 to d4; dS to d6é and so on 1n FIG. 4. It will be understood
that different operating conditions for the vehicle 1 may
result 1n the second predicted operating temperature P12
increasing above the second temperature threshold TTH2.
At least 1n certain embodiments, the pre-emptive control of
the first and second electric machines 7, 10 to manage their
respective operating temperatures may provide efliciency
benefits. The need to activate vehicle cooling subsystems,
such as active cooling vanes and cooling pumps, may be
reduced. By way of example, 1 the temperature of the first
clectric machine 7 exceeds the first temperature threshold
TTH1, for example 1n the first distance iterval d1 to d2 1n
the scenario illustrated in FIG. 4, the first electric machine
7 would have to be de-rated and the vehicle cooling sub-
systems operated 1n high duty mode to reduce the operating
temperature. The pre-emptive adjustment of the torque split
between said first and second electric machines 7, 10 prior
to the operating temperature of the first electric machine 7
exceeding the first temperature threshold TTH1 may reduce
the need for activation of said vehicle cooling subsystems.
It will be understood that predicting the operating tempera-
ture of said first and second electric machines 7, 10 may also
enable pre-emptive activation of the vehicle cooling sub-
systems, for example to enable operation in more eflicient
cooling modes.

The first and second temperature thresholds TTH1, TTH2
may be fixed. However, 1n certain embodiments, the first and
second temperature thresholds TTHI1, TTH2 may be calcu-
lated dynamically. In certain embodiments, the prediction
module 25 may set the first temperature threshold TTHI1
and/or the second temperature threshold TTH2 in depen-
dence on the first and second predicted temperatures P11,
PT2. For example, 1f the prediction module 25 determines
that there 1s 1insuflicient cooling capacity available during a
portion of the current journey, the first temperature threshold
TTH1 and/or the second temperature threshold TTH2 may
be reduced prior to the predicted scenario. This 1s 1llustrated
in FIG. 6 by a lowered first temperature threshold
TTH1LOW. Conversely, 11 the prediction module 25 deter-
mines that there 1s excess cooling capacity available during
a portion of the current journey, the first temperature thresh-
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old TTH1 and/or the second temperature threshold TTH2
may be increased prior to the predicted scenario.

As outlined above, the prediction module 25 may opti-
mise the torque split between the first and second EDUs 5,
6 to satisly one or more of the following requirements:
vehicle stability, traction and drniveability. The prediction
module 25 may predict the vehicle stability for a section of
the route 1 dependence on an estimated vehicle speed
profile and a predicted longitudinal acceleration. Alterna-
tively, or 1n addition, the prediction module 25 may predict
the vehicle stability in dependence on one or more of the
following: a predicted lateral acceleration, an estimated
coeflicient of iriction (u) of the surface over which the
vehicle 1 1s traveling, or other conditions that have an effect
on the traction available to a moving vehicle. The prediction
module 25 may predict vehicle stability under a range of
dynamic operating conditions of the vehicle 1, for example
approaching a bend and/or mild acceleration. The prediction
module 25 may predict wheel slip for each wheel W1-4
based on road topology and/or driver style. The vehicle
speed profile, the longitudinal acceleration and the lateral
acceleration may be predicted in dependence on route topog-
raphy, for example derived from the route information INF1.
The predicted lateral acceleration can be proportional to the
curvature of the road and a predicted speed.

As shown 1n FIG. 2, the controller 2 determines vehicle
speed (historical and current), road gradient and curvature.
From this information, together with a road load/mass
estimation, the predicted lateral and longitudinal accelera-
tion of the vehicle 1 can be calculated. For example, the
longitudinal acceleration can be calculated using Newton’s
second law. Alternatively, or 1n addition, one or more of the
vehicle speed profile, the longitudinal acceleration and the
lateral acceleration may be predicted in dependence on
historical data, for example derived from dynamic data
recorded previously 1n respect of the same route or a route
having similar topographical features.

The coeflicient of friction (u) represents the friction
between the vehicle wheels W1-4 and a driving surface, for
example a surface of a road on which the vehicle 1 1s
travelling. A coetlicient of friction estimator (not shown)
may enhance the prediction. Alternatively, the coellicient of
friction (1) may be estimated based on prevailing conditions,
such as local weather conditions on the current route; and/or
historic data recorded for the current route. The coeflicient
of friction (n) may be determined via communication with
other vehicles on the current route, either direct communi-
cation between the vehicle 1 and other vehicle(s) (vehicle-
to-vehicle communication), or indirect communication with
the other vehicle(s) (vehicle-to-inirastructure communica-
tion). The coeflicient of friction estimator could be 1mple-
mented locally (1.e. by a processor provided on the vehicle
1), or 1n a remote processor (for example a “cloud” proces-
sor). The coellicient of friction estimator may receive trac-
tion information from the other vehicle(s) and estimate a
coellicient of friction for certain segments or portions of the
road. It will be understood that the estimated coethicient of
friction 1s time dependent, as weather conditions and road
conditions are variable.

Driver identification can be used to enhance the prediction
techniques described herein. The prediction module 25 may
optionally predict the vehicle speed profile, the longitudinal
acceleration and the lateral acceleration 1n dependence on
driver style, for example derived from historical dynamic
data stored for a particular driver. Each driver has a variable
threshold to lateral acceleration. Based on historical infor-
mation, the prediction module 25 may model driver behav-
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iour, for example to predict a relationship between lateral
acceleration and road curvature. The prediction module 25
may predict driver characteristics in terms of longitudinal
acceleration, for example a speed profile when approaching
and/or departing roundabouts, junctions, changes 1n the
applicable legislative speed limit, etc.

The predicted vehicle stability may define traction-stabil-
ity system limits. The traction-stability system limits may
comprise maximum and minimum limits for each of the first
and second electric machines 7, 10 at the wheel {frame of
reference, 1.e. actuator limits converted to wheel frame of
reference by accounting for the transmission ratio and
losses. The predicted vehicle stability may be used to
determine the first and second torque ranges TR1, TR2. The
torque split module 23 may determine the front and rear
torques TQ1, TQ2 within the resulting torque ranges TR1,
TR2. At least 1n certain embodiments, this may enhance the
prediction of the propulsion system state and thus facilitate
an 1improved optimisation to mitigate thermal de-rates. For
example, the first power penalty PP1 and/or the second
power penalty PP2 may be determined in dependence on the
predicted vehicle stability.

The operation of the prediction module 235 to determine
the vehicle stability will now be described with reference to
a second block diagram 400 shown in FIG. 7. The route
prediction algorithm identifies the current route (BLOCK
401). The identified route may correspond to a whole
journey; or may comprise a rolling horizon, for example
corresponding to the next x km in the current route (for
example, a rolling horizon of 8 km which 1s updated every
1 km or every 2 kms). The route may be 1dentified when the
user enters the destination in the satellite navigation or using
the route prediction algorithm described herein. The route
information INF1 relating to the predicted current route is
then accessed (BLOCK 402). The route information INF1
may be obtained from a database (stored locally or remotely)
and/or one or more vehicle sensors. A current location of the
vehicle 1 may be determined from a navigation system, for
example comprising a global positioning system (GPS)
module. The prediction module 25 1s operative to predict a
total tractive power requirement at the wheels W1-4 of the
vehicle 1 while 1t travels along the predicted current route
(BLOCK 403). The ftraction power requirements may
optionally also reference road/load estimations (BLOCK
404). Alternatively, or in addition, the traction power
requirements may identily the driver of the vehicle 1
(BLOCK 405) to make allowances for driving style. A
prediction 1s made of the total tractive power requirement at
the wheels W1-4 of the vehicle 1. In dependence on the
predicted total tractive power requirement, and the route
information INF1, the prediction module 25 predicts trac-
tion-stability system limits comprising predicted maximum
and minimum limits for each of the first and second electric
machines 7, 10 (BLOCK 406). The operation of the pro-
pulsion and cooling systems are controlled 1n dependence on
the predicted traction-stability system limits (BLOCK 407)
to 1mprove or optimise operating efliciency.

It will be appreciated that various modifications may be
made to the embodiment(s) described herein without depart-
ing from the scope of the appended claims.

The embodiment described herein relates to a vehicle 1
having one electric machine per axle. It will be understood
that aspects of the present invention may be applicable to
other types of vehicles with electrical powertrains having
different configurations. The present mvention has been
described with reference to an embodiment 1n which the first
clectric machine 7 1s coupled to the front axle 3; and the
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second electric machine 10 1s coupled to the rear axle 4. It
will be understood that the first and second electric machines
7, 10 may be configured to transmit torque to the same axle
(erther the front axle 3 or the rear axle 4) or indeed the same
wheel W1-4. Furthermore, the present invention may be
used i a vehicle 1 comprising more than two electric
machines 7, 10. For example, the vehicle 1 may comprise
three (3) or four (4) electric machines operable to generate
a traction torque and/or a regeneration torque.

The mnvention claimed 1s:

1. A controller for controlling operation of at least first and
second traction machines in a vehicle, the controller com-
prising a processor configured to:

predict an operating temperature of each of said at least

first and second traction machines for at least a portion
of a current route;

determine at least first and second torque requests for said

at least first and second traction machines, respectively,
the at least first and second torque requests being
determined based on the predicted operating tempera-
tures of the at least first and second traction machines,
respectively;

generate at least first and second traction motor control

signals based on the determined at least first and second
torque requests, respectively;
determine at least first and second power loss penalties
based on the predicted operating temperatures of the at
least first and second traction machines, respectively;

determine a first predicted time when the operating tem-
perature of the first traction machine 1s predicted to
exceed a first temperature threshold; and

increase the first power loss penalty a predetermined first

time period prior to said first predicted time, the dura-
tion of the first time period being proportional to either
or both of the predicted operating temperature and a
predicted rate of change of the operating temperature of
the first traction machine.

2. A controller as claimed 1n claim 1, wherein the at least
first and second power loss penalties are proportional to the
predicted operating temperature or a predicted rate of
change of the operating temperature of the at least first and
second traction machines, respectively.

3. A controller as claimed 1n claim 1, wherein the pro-
cessor 1s Turther configured to determine the at least first and
second torque requests based on said at least first and second
power loss penalties, respectively.

4. A controller as claimed 1n claim 1, wherein the pro-
cessor 1s further configured to:

determine a second predicted time when the operating

temperature of the second traction machine 1s predicted

to exceed a second temperature threshold; and
increase the second power loss penalty a predetermined

second time period prior to said second predicted time.

5. A controller as claimed 1n claim 4, wherein the duration
of the second time period 1s proportional to either or both of
the predicted operating temperature and a predicted rate of

change of the operating temperature of the second traction

machine.

6. A controller as claimed 1n claim 1, wherein the pro-
cessor 1s further configured to predict the operating tem-
perature of the at least first and second traction machines
based on an expected load of each of the at least first and
second traction machines, respectively.
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7. A controller as claimed 1n claim 1, wherein the pro-
cessor 1s further configured to pre-emptively control one or
more vehicle cooling subsystems based on the predicted
operating temperatures of the at least first and second
traction machines.

8. A vehicle comprising a controller as claimed 1n claim
1.
9. A controller as claimed 1n claim 1, wherein the pro-
cessor 1s further configured to:
predict vehicle stability for at least the portion of a current
route; and
determine the at least first and second torque requests
based on the predicted vehicle stability.
10. A method of controlling operation of at least first and

second traction machines 1n a vehicle, the method compris-
ng:

predicting an operating temperature of each of said at
least first and second traction machines for at least a
portion ol a current route;

determining at least first and second torque requests for
said at least first and second traction machines, respec-
tively, the at least first and second torque requests being,
determined based on the predicted operating tempera-
tures of the at least first and second traction machines,
respectively; and

controlling said at least first and second traction motor
control signals based on the determined at least first and
second torque requests, respectively;

determining at least first and second power loss penalties
based on the predicted operating temperatures of the at
least first and second traction machines, respectively;
and

determining a {first predicted time when the operating
temperature of the first traction machine 1s predicted to
exceed a first temperature threshold;

wherein the first power loss penalty 1s increased a prede-
termined first time period prior to said first predicted
time, the duration of the first time period being pro-
portional to either or both of the predicted operating
temperature and a predicted rate of change of the
operating temperature of the first traction machine.
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11. A method as claimed 1n claim 10, wherein the at least
first and second power loss penalties are proportional to the
predicted operating temperature or a predicted rate of
change of the operating temperature of the at least first and
second traction machines, respectively.

12. A method as claimed 1n claim 10, further comprising
determining the at least first and second torque requests
based on said at least first and second power loss penalties,
respectively.

13. A method as claimed 1n claim 10, further comprising:

determining a second predicted time when the operating

temperature of the second traction machine 1s predicted
to exceed a second temperature threshold; and
increasing the second power loss penalty a predetermined
second time period prior to said second predicted time,
wherein the duration of the second time period 1is
proportional to either or both of the predicted operating
temperature and a predicted rate of change of the
operating temperature of the second traction machine.

14. A method as claimed 1n claim 10, further comprising
predicting the operating temperature of the at least first and
second traction machines based on an expected load of each
of the at least first and second traction machines, respec-
tively.

15. A method as claimed 1n claim 10, further comprising
pre-emptively controlling one or more vehicle cooling sub-
systems based on the predicted operating temperatures of the
at least first and second traction machines.

16. A non-transitory computer-readable medium having a
set of instructions stored therein that, when executed, cause
a processor to perform the method claimed in claim 10.

17. A method as claimed 1n claim 10, further comprising;:

predicting vehicle stability for at least the portion of a

current route; and

determining the at least first and second torque requests

based on the predicted vehicle stability.

18. A method as claimed 1n claim 10, further comprising
predicting vehicle stability based on one or more of the
following: a vehicle speed profile, a longitudinal accelera-
tion profile, a lateral acceleration profile, and a coetlicient of
friction.
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